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ABSTRACT
Recent high-energy cosmic e± measurement from the DArk Matter Particle Explorer
(DAMPE) satellite confirms the deviation of total cosmic ray electron spectrum above
700-900 GeV from a simple power law. In this paper we demonstrate that the cascade
decay of dark matter (DM) can account for DAMPE’s TeV e+e− spectrum. We select
the least constraint DM decay channel into four muons as the benchmark scenario,
and perform an analysis with propagation variance in both DM signal and the Milky
Way’s electron background. The best-fit of the model is obtained for joint DAMPE,
Fermi-Large Area Telescope (Fermi-LAT), High Energy Stereoscopic System (HESS),
high energy electron data sets, and with an O(1026) second decay lifetime, which is
consistent with existing gamma ray and cosmic microwave background limits. We com-
pare the spectral difference between the cascade decay of typical final-state channels.
The least constrained 4µ channels give good fits to the electron spectrum’s TeV scale
down-turn, yet their low energy spectrum has tension with sub-TeV positron data
from AMS02. We also consider a three-step cascade decay into eight muons, and also
a gamma-ray constrained 4µ, 4b mixed channel, to demonstrate that a further softened
cascade decay signal would be required for the agreement with all the data sets.
Key words: ISM: cosmic rays – cosmology: dark matter
1 INTRODUCTION
The DArk Matter Particle Explorer (DAMPE) satellite
releases recent data of the combined electron and posi-
tion energy spectrum from O(10) GeV to 10 TeV in en-
ergy (DAMPE Collaboration et al. 2017). The observed
spectrum confirms H.E.S.S. (Kerszberg et al. 2017) observa-
tion of a change of spectral shape at around 700-900 GeV.
Below this energy the spectrum is close to a power law which
is in agreement with Fermi-LAT (Abdo & et.al. 2009) and
H.E.S.S. The spectrum drops quickly in the higher energy
regime.
The cosmic e± spectral changes may rise from astro-
physics or new physics sources at the TeV scale. The Uni-
verse’s Dark matter (DM) can be consist of hypothetical,
unseen particles. Such DM particles can couple to normal
matter, and annihilate or decay into the Standard Model’s
(SM) particles (Feng 2010). The Galactic DM halo has been
widely studied in attempt to account for the cosmic posi-
tion fraction observation from PAMELA telescope (Adriani
& et.al. 2011) and later by Fermi-LAT (Abdo & et.al. 2009),
and Alpha Magnetic Spectrometer (AMS02) (Aguilar et al.
2013) to high precision, as well as an increase in the cos-
mic anti-protons (Adriani et al. 2010; Aguilar et al. 2016).
Alternatively, astrophysical sources such as pulsars (Hooper
et al. 2009; Yu¨ksel et al. 2009; Shaviv et al. 2009; Bier-
mann et al. 2009; Blasi 2009; Malyshev et al. 2009) and
supernova remnants (Liu et al. 2017a) are often studied as
the potential sources for the positron excess. Interestingly,
changes in spectral shape, indicating for a more sophisti-
cated origin, are also observed in proton and light nuclei
(see ATIC (Chang & et.al. 2008) and AMS02 (Aguilar et al.
2016)).
The dark matter hypothesis faces many constraints. DM
annihilation and decay inject high-energy e± and photons.
The prompt photons, along with inverse Compton radiation
off injected e±, are constrained by diffuse and point-source
gamma ray searches. In case of annihilation, the annihila-
tion rate can be enhanced by concentrated DM distribution
at the Galactic center or in sub-halos. Gamma ray measure-
ments for the Galactic Center (GC) and dwarf spheroidal
galaxies (dSph) from Fermi-LAT (Ackermann et al. 2015)
and H.E.S.S. (Kerszberg et al. 2017) provided significant
bounds on DM annihilation signals.
Another important bound of annihilation comes from
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the reionization history. DM-originated e+e− and photons
can ionize neutral hydrogen atoms after the recombination,
and consequently alter the propagation of the cosmic mi-
crowave background (CMB). Planck 2015 data offers a se-
vere limit on DM’s zero-velocity annihilation rates (Planck
Collaboration et al. 2016).
In the DM decay scenario, the strength of signal de-
pends on the total DM abundance instead of its central
density profile, thus the decay’s gamma ray signal is less
manifest from the concentration in galactic halos, hence less
constrained by gamma rays. Recent studies (e.g. Liu et al.
(2017b)) based on DM gamma-ray emissions in the extra-
galactic diffuse photons showed that DM decay channels can
explain the position excess within Fermi-LAT’s limits. CMB
constraint from Planck is also much weaker for DM decay
due to a different redshift dependence in comparison to an-
nihilation. Recent studies (Slatyer & Wu (2017); Clark et al.
(2018)) of DM impacts on the CMB temperature and polar-
ization anisotropy showed that a DM decay lifetime greater
than O(1024−25) second is allowed by Planck measurement.
Decaying TeV-scale dark matter readily arise as
metastable particles in theories Beyond the Standard Model
(BSM) with a lifetime significantly longer than the age of
Universe. Typical scenarios include the hidden-sector’s par-
ticles, which in general can be destabilized due to UV-
scale physics mediation (Arvanitaki et al. (2009)) and be-
come suitable decaying dark matter candidates. Extended
gauge symmetries motivate for heavy right-handed neutri-
nos, which may also acquire a long lifetime via flavor struc-
tures (Anisimov & di Bari (2009)), etc. Such metastable DM
decay can provide a viable source for the TeV-scale cosmic
ray electron and positron data.
In this paper, we adopt a DM cascade decay scenario,
in which multiple decay steps soften the source e+e− spec-
trum, making it suitable to fit the DAMPE’s electron data
while being consistent with Fermi-LAT and H.E.S.S. mea-
surements. We consider a variant power-law Galactic elec-
tron background in the presence of DM decay signals. In
the following, we discuss the optimal DM decay channels
and cascades with more than two decay steps in Sections 2
and 3. Electron propagation and the Galactic background
are discussed in 4. Then we demonstrate the fitting result
to joint DAMPE, Fermi-LAT, HESS and AMS02 data with
our cascade decay model in Section 5, and conclude in Sec-
tion 6.
2 DARK MATTER CASCADE DECAYS
Dark matter in the Galactic halo decays at a constant rate
that is insensitive to the dark matter particle velocity and
small-scale density distribution of the density profile. With
a small decay width Γ, DM decay injects SM particles at a
steady rate,
d2N
dEdV
= Γ
ρ
mDM
dN
dE
, (1)
where ρ is the dark matter density, and the lifetime τDM =
Γ−1 should be much longer than the age of Universe. dN/dE
is the SM particle’s injection spectrum. To produce TeV
electrons, the dark matter particle mass needs to be multiple
TeV or heavier. The photons and neutrinos can propagate to
DM
φ
φ
f
f¯
f
f¯
Figure 1. The DM decays into a pair of mediators that subse-
quently decay into a four-lepton final state.
the Earth uninterruptedly. The charged particles (e±, p, p¯)
are affected by the Galactic magnetic field and diffuse away
from the source in a random walk motion.
The shape of e± injection spectrum dN/dE is model-
dependent and can differ dramatically among different de-
cay channels. So far, the most precise sub-TeV e± measure-
ment from AMS02 empirically require the post-propagation
spectrum to have power-law index near -2.7. This spectral
shape provides guidance that the DM’s e+ injection spec-
trum needs to be soft. In addition, to avoid an abrupt end-
point in the combined e± spectrum, the injection spectrum
to be softened near the high-energy end.
If DM directly decays into e+e− pairs, the injected spec-
trum is monochromatic. The monochromatic e± may help
to explain DAMPE’s ‘feature’ at 1.4 TeV (Fang et al. 2018;
Yuan et al. 2017; Fan et al. 2018; Duan et al. 2018; Chao
et al. 2018), yet its shape is too hard to fit the positron data.
A common solution is that the decay goes through interme-
diate decay steps before electrons emerge. Such a process
is referred as ‘cascade’ decay. Depending on the number of
immediate steps, the final electrons spectrum can vary from
being as hard as near-monochromatic, to very soft as that
in hadronic showers.
In this analysis, we adopt the cascade decay DM→
2φ → 4µ as the benchmark scenario to test the DAMPE
data. As illustrated in Fig. 1, the DM first decays into a pair
of mediators that subsequently decay into four SM fermions.
The fermion’s spectrum depends on the relative size of DM
and φ masses, which classifies into two typical cases: (1) a
‘heavy mediator’ (HM) case that Mφ ∼ MDM, where the φ
pair is produced non-relativistically and each fermion car-
ries energy equal to Mφ/2 ≈ MDM/4. This HM scenario
can be simplistically related to a two body decay process
DM→ ff¯ with half the DM mass. While the final state
fermion kinematics are the same, the DM mass and fermion
multiplicity are both doubled, leading to an identical signal
rate and best-fit decay life-time. (2) a ‘light-mediator’ (LM)
case with Mφ  MDM, where φ is highly relativistic and
its large Lorentz boost makes the lab-frame spectrum of f
into a plateau shape. This softens the f spectrum, and its
decay products are further softened. The HM spectrum has
a hard injection spectrum and suffers from stronger gamma
ray constraints, and we only consider the LM scenario in
this work.
The LM scenario has two main benefits. First, with a
low φ mass the decay channel of φ can be controlled by its
relative size to SM fermion masses. A scalar φ can prefer-
ably decay into the heaviest fermion if kinematically allowed,
giving preference for a specific channel. Alternatively, flavor
coupling structure can also be introduced to enhance the
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Figure 2. Left– Prompt injection e± spectra prior to propaga-
tion, from four-body DM cascade decays into muons, b-quarks and
a three-step cascade into eight muons. Right– Differential flux in-
tensity after propagation to the Earth, the spectra are softened
due to energy loss. For the four-body cascades, MDM = 6 TeV
and Mφ/MDM  1. The three-step cascade assumes twice the
DM mass than four-body channels. Due to propagation modeling
uncertainties, here each propagated spectrum assumes its own
channel’s best-fitting galprop parametrization to the e± data
with an Einasto dark matter halo profile.
branching ratio into particular fermion(s), for instance, via
heavy non-SM gauge fields that generate a φ → ff¯ at loop
level (Allahverdi et al. 2009). As the the signal rate is in-
sensitive to the φ lifetime, for Galactic DM sources, a φ of a
few GeV mass can easily evade collider and direct detection
bounds if its to SM fermions are small. Second and more
importantly, if Mφ is closer to the fermion-pair mass thresh-
old, a limited Q2 in φ decay suppresses photon radiation,
and reduces the constraint from diffuse gamma rays, e.g.
in secluded DM scenarios (Profumo et al. 2018), etc. With
these considerations, we adopt the LM four-muon channel,
where a Mφ close to 2Mµ can provide a large 4-muon decay
branching ration and reduce photon radiation. In compari-
son, a direct DM→ 4e cascade still has a hard spectral end-
point. The DM→ 4τ channel suffers from pi0-decay photons
that cannot easily evade extragalactic gamma ray bounds
(Liu et al. 2017b). Since the DM decay signal only depends
on DM lifetime and the total DM quantity, the extragalactic
bound for decaying DM is insensitive to assumptions in halo
sub-structures.
Fig. 2 illustrates the prompt spectra right after DM de-
cay (at source) and the differential flux after propagating
to the Earth. For comparison 4b cascade channels is shown
as a representative of typically much softened spectra from
hadronic cascade channels. Noted that the e± propagation
effects strongly depends on the modeling of the cosmic ray
propagation, where the particle diffusion speed and energy
loss depend on the assumptions of the Galactic radiation and
magnetic fields. In practice, the propagation and background
parametrization are determined by fitting the Galactic and
DM injection spectra to the e± data (see Section 4 and 5
for details). Note that while the e± data can pin down the
parameter values in the fit with a particular channel’s injec-
tion spectrum, the signal’s spectral shape varies significantly
between different DM decay channels, leading to variation
of best-fit propagation models between signal channels. For
instance, if we adopt the best-fit propagation parameters
from the (4b − 4µ mixed) channel, the lowest energy part
of 4µ spectrum around 100 GeV may rise by a factor ∼1-2
in comparison to that using the 4µ channel’s own best-fit
propagation parameters.
Fig. 2 shows the ‘best-fit’ propagated e± spectra by
fitting each channel’s injection spectrum and the prop-
agation parameters to the DAMPE, FermiLAT, AMS02
and H.E.S.S. data. A much softened e± spectrum from a
hadronic channels is also show-cased for comparison. The
hadronization process in hadronic channels and following
soft cascade hadron decays leads to multiple decay steps,
which effectively softens the electron injection spectrum.
However, hadronization also produces numerous neutral pi-
ons (pi0) that would cause tension in diffuse gamma-ray ob-
servation.
3 FURTHER CASCADES
Generally the final-state electron energy softens with an in-
creased number of intermediate decay steps in the cascade.
While the previously discussed two-step cascade decay read-
ily demonstrates the softening on the electron spectrum, we
may pursue it further by considering more decay steps in this
process. For TeV dark matter theories, a three-step cascade
can rise in the case when the heavy mediator, for instance
a scalar that breaks a non-SM gauge symmetry, primarily
decays into the non-SM gauge bosons if kinematically per-
mitted. The gauge bosons would then decay into the SM
fermions, leading to two intermediate decay steps.
As successful softening requires the ‘LM’ scenario, in
each decay step the daughter particle’s mass should be sig-
nificantly lower than that of its parent. This condition kine-
matically prevents inserting a large number of intermediate
steps: for a TeV-scale dark matter to produce a softened
injection spectrum in the GeV range, three to four decay
steps would saturate the GeV-TeV gap if each parent parti-
cle mass is at least one order of magnitude higher than its
daughter mass.
It is also interesting to see whether a chiral coupling
between the mediators and the SM muons can help soften-
ing the electron injection spectrum. Generally a relativistic
right-handed muon decays to lower energy electron in com-
parison to a left-handed one. Although a right-handed chi-
ral coupling guarantees right-handed muons in the center
of mass frame, the parent particle would still have carried
a Lorentz boost up to MDM/Mn that can flip the ‘back-
ward’ going muon’s helicity after boosting back to the lab
frame. Here Mn denotes the mediator mass in the nth de-
cay step. In comparison the ‘forward’ muons along the boost
will maintain their helicity. This leads to a higher fraction
of ‘forward’ muons, which fill up the higher-energy part of
the muon spectrum, to keep the same chirality with the
mediator-muon coupling. The lower-energy spectrum would
demonstrate a larger fraction of the opposite chirality as it
mostly consists of the ‘backward’ muons with their helicity
flipped by the boost. The combined effects with a right-
handed chiral coupling lead to softening that is more visi-
ble near the high-energy end in the electron spectrum after
muon decay. The low-energy end of the electron spectrum,
however, does not show significant improvement over that
from an unpolarized muon injection case.
The electron spectrum from a three-step cascade is
c© 0000 RAS, MNRAS 000, 000–000
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shown (8µ, dashed) in Fig. 2 where the muons are statisti-
cally unpolarized. Compared to two-step decays, the entire
spectrum shifts towards lower energy and the spectral shape
in high energy part is significantly softened. At the low en-
ergy end, however, the spectral power-law indices are quite
similar. This spectral similarity at very low energy end is
mostly due to the finite mediator masses, which are an or-
der of magnitude lower than the mass of their parent, but
are still higher than the GeV scale. This reduces the phase-
space for final-state muons to obtain energies much lower
than the mediator mass.
4 E+E− PROPAGATION
e± engage in diffusion motion inside the turbulent Galactic
magnetic field. The propagation is described by the diffusion
and energy-loss equation,
dΦ
dt
−D(E) · ∇2Φ− ∂E(Dp(E) · Φ) = Q , (2)
where Φ is the cosmic ray flux and Q is the source term
for astrophysical and DM injection. Electrons lose energy
from synchrotron radiation, inverse Compton scattering and
bremsstrahlung processes, and the spectrum soften over the
propagated distance. We use the galprop code (Strong &
Moskalenko 1999, 2001) for the numerical simulation of the
propagation, in which the spatial diffusion coefficient D(E)
is parametrized (Strong et al. 2007) as
D = βD0
(
R
R0
)δ
cm2 s−1, (3)
where β ∼ 1 is the cosmic ray velocity. R denotes the cos-
mic ray’s rigidity. For δ we let it be greater than 1/3 as
it is required by a turbulent magnetic field with a Kol-
mogorov spectrum. The energy-loss coefficient Dp is dy-
namically evaluated in the propagation process. Energy loss
include bremsstrahlung, inverse Compton scattering on the
CMB and the interstellar radiation field profile (Moskalenko
et al. 2006), and synchrotron radiation loss in the cylindrical
diffusion zone of 20 kpc in radius and 4 kpc in height, where
the Galactic magnetic field strength is
B = B exp
(
−r − r
rs
)
exp
(
−
∣∣∣∣ zzs
∣∣∣∣) (4)
with a local field strength B = 5 µG, and scales rs =
10 kpc, zs = 2 kpc. For a reference rigidity R0 ∼ GV
the diffusion parameter would take values in the range of
(3− 5) × 1028 cm2 s−1 to fit Galactic nuclei data (Strong
et al. 2007).
Assuming spatially constant values for the diffusion pa-
rameters D0, R0, δ in Eq. (3) does not fully account for spa-
tial variation in Galactic magnetic fields. Anisotropic diffu-
sion modeling has been shown to improve fitting the ‘Galac-
tic center excess’ (GCE) (Goodenough & Hooper 2009;
Ackermann et al. 2017) in gamma rays for DM annihila-
tion (Zhou et al. 2015; Duerr et al. 2016; Carlson et al.
2016; Malyshev 2017) where the annihilation rate is halo’s
density-square-enhanced near the Galactic center region. In
our less enhanced DM decay case, Eq. (3) gives individu-
ally near-perfect fit to each experiment’s data with degen-
eracy in these three parameters, and the main contribution
to the joint χ2 arises from the difference between data sets
as shown in the following section. Thus ignoring the spatial
anisotropy in D0, R0, δ suffices for our fitting process.
For the DM signal we adopt the Einasto profile (Einasto
1965) for Galactic DM distribution to compute the e± in-
jection source intensity,
ρ(r) = ρ exp
[
− 2
α
(
rα − rα
rαs
)]
, (5)
where we adopt the parametrization ρ = 0.3 GeV cm−3,
α = 0.17, rs = 25 kpc from Cholis et al. (2009). For de-
caying dark matter, the choice of a cuspy or non-cuspy
distribution leads to comparable best-fit decay lifetimes,
and the Einasto profile presents an adequate example for
typical cold dark matter distribution. Noted that the non-
cuspy isothermal profile (Bahcall & Soneira 1980) can be
more favored by recent N-body simulation results (Bullock
& Boylan-Kolchin 2017) as it better explains the missing
satellite problem (Bullock & Boylan-Kolchin 2017). In case
of decaying dark matter, the total decay rate depends on the
halo mass and is insensitive to its distribution. The diffusion
process would still depend on the source’s spatial distribu-
tion, leading to relatively longer diffusion duration for cuspy
profiles that are more distributed near the Galactic center.
Compared to fitting with the Einasto profile, choosing the
non-cuspy isothermal profile only leads to 1% difference in
the goodness of fit and a less than 10% shift in the best-fit
DM signal rate, thus it does not qualitatively affect the fit
to TeV data.
Right panel in Fig. 2 shows the DM’s e± spectrum af-
ter propagation to the Earth. Comparing to the injection
spectrum, the spectral shape becomes sufficiently softened
and suitable to fit experimental data. After propagation the
peak in each channel’s spectrum locates at different ener-
gies, and the optimal DM mass can be inferred by aligning
the peak to DAMPE’s turning point, i.e. MDM ∼ 6 TeV for
4µ, 10 TeV for 4τ . The 4b cascade channel would require a
100 TeV-scale DM mass as its propagated peak energy lo-
cates at O(10−2) of MDM.
Noted that hadronization in DM→ 4b and other
hadronic channels would contribute to a signal in cosmic ray
anti-protons. A recent study (Cui et al. 2017) showed that in
case of DM annihilation, the bb¯ channel with a thermal cross-
section improves the fit to antiproton measurements, and it
is consistent with Fermi-LAT and Planck constraints. The
DM decay case would have a less stringent diffuse gamma
ray bound, thus its impact on the anti-protons can also be
important to study. Here we do not pursue it further as the
preferred 100 GeV mass is insufficient to fit DAMPE results.
It is also interesting to discuss whether the cascade
decay channels can account for the GCE in lower energy
gamma rays. A recent study (Clark et al. 2018) showed that
the 4τ, 4b annihilations of DM in the sub-100 GeV mass
range can help explain the GCE and AMS02’s antiproton
data. For a multi-TeV DM, the low energy tail of 4µ chan-
nel’s gamma ray injection spectrum lacks the spectral fea-
ture to fit the GCE. In addition, being a gamma ray poor
channel, the photon emission in the 4µ final state is model
dependent and can be suppressed if the mediator mass ap-
proaches to the threshold of twice the muon mass. While 4τ ,
4b cascade channels have softer gamma ray spectra, these
two channels are readily excluded by extragalactic gamma
ray bounds at the decay lifetime H.E.S.S. and DAMPE data
c© 0000 RAS, MNRAS 000, 000–000
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Figure 3. Sample DM→ 4µ (upper) and three-step cascade into
8µ (lower) that give the lowest χ2 fits to the combined DAMPE
and H.E.S.S. data, and the positron fraction data from AMS02
(see Table 1). In each panel, the solid curves show the fit with-
out including AMS02 data, while for the dashed curves AMS02
positron fraction data are included. Each set of three curves (top
down) are the DM+Galactic e±, Galactic e± and DM+Galactic
e+ spectra. fHESS is the energy scaling factor for H.E.S.S. data.
require, plus the multi-TeV DM masses are also 1-2 orders
of magnitude higher than the GCE preferred range (Clark
et al. 2018). Therefore these channels may not make good
candidates for the GCE at their best fit cases for the near-
TeV ‘knee’ in Galactic electron spectra.
5 FIT TO DAMPE, FERMI-LAT, H.E.S.S. &
AMS02
We perform fitting to the joint DAMPE (DAMPE Collabo-
ration et al. 2017), H.E.S.S. (Kerszberg et al. 2017), Fermi-
LAT ‘high energy’ (FermiHE) (Abdollahi et al. 2017) and
AMS02s recent 30 million e± data (Adapted from Samuel
Ting’s CERN Colloquium, on 24 May, 2018). For data se-
lection, we focus on the high energy part of spectra and
only include data above 80 GeV in each data set. Due to
the power-law falling in the spectrum, lower energy data
are measured with much higher statistics. The low energy
spectrum can be sensitive to the modeling of astrophysi-
cal sources and solar modulation. Yet more importantly the
high statistic weight in the low energy data can over-power
the presence of a DM signal’s spectral correction, if included
in an evenly weighted analysis. With our main focus on the
DM, we drop the data below 80 GeV to avoid sensitivities
in low energy astrophysical modeling.
We use DAMPE, Fermi-LAT and and H.E.S.S. ‘total
electron’ data (both electron and positrons) in the fitting.
For AMS02, note that its electron flux normalization differs
from that of Fermi-LAT and DAMPE. All these experiments
have high-statistics data points below 1 TeV, and directly
fitting the electron flux data would lead to large discrepancy
between the data sets. As a workaround, we fit AMS02’s
positron fraction data instead of the absolute e± flux, which
effectively removes the dependence on the normalization in
AMS02 e± fluxes.
H.E.S.S. data have large systematic uncertainty due to
atmospheric hadronic modeling (Kerszberg et al. 2017). If
naively added into quadrature, this systematic uncertainty
overwhelms the statistical uncertainty and renders H.E.S.S.
spectral shape ineffective in the analysis. Here we consider
the systematic uncertainties to be correlated and adopt the
energy scale factor f that lets H.E.S.S. electron spectrum
to shift in energy and magnitude, while keeping its shape
unchanged. The H.E.S.S. contribution to the total χ2 would
then only involve the scaled statistical uncertainty, plus an
additional term that accounts for the scaling,
χ2H.E.S.S. =
∑ (φthi − f · φexi )2
f2δφ2i
+
(f − 1)2
(δf)2
, (6)
where φth, φex denote the theoretical and measured electron
flux. f is the energy scaling factor and we consider a typical
δf = 15% that matches the range of H.E.S.S.’s systematic
uncertainty(Aharonian & et.al. 2009). Due to differences be-
tween the data sets, the best-fit is found to prefer an upfloat
around f ∼ 1.3 for best agreement, which appears to be
larger than the H.E.S.S. systematic uncertainty range. In
the following results we will compare a restricted f ≤ 1.15
case, and also a case that f is allowed to scale further.
The χ2 from each data set are summed together without
additional weighting. DAMPE, Fermi-LAT high energy set,
H.E.S.S and AMS02 have 29, 23,19 and 15 data points above
80 GeV. Note H.E.S.S. has one additional ‘data’ point in
Eq. (6) after introducing the energy scaling factor f .
We assume a single power-law spectrum for the Galactic
electron background. The total cosmic ray spectrum consists
of both the background and DM contributions,
φ = φbkg(D0, ρ0, δ, φ0, δe) + φDM(D0, ρ0, δ), (7)
where the background cosmic electron receives major con-
tribution from supernova injection and minor contribution
from isotope decays. φ0 is the normalization of Galactic elec-
tron flux at the reference rigidity 3.45GV, and δe is the su-
pernova injection power-law index above 4 GV. {D0, ρ0, δ}
are the diffusion parameters in Eq. (3). For solar modula-
tion, we adopt a fixed modulation potential at 700 MeV.
Noted that more complicated Galactic spectral shape
in cosmic rays are generally possible. For instance, a ris-
ing deviation from a simple power-law at several hundred
GV in proton and light nuclei spectra, as measured by
AMS02 (Aguilar et al. 2016, 2015), Advanced Thin Ion-
ization Calorimeter (ATIC, Panov et al. (2009)), Cosmic
Ray Energetics And Mass (CREAM, Yoon et al. (2017))
and other experiments. A Galactic broken power-law spec-
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Figure 4. Best-fit (upper) mixed 4µ, 4b channel for all four data
sets. The goodness of fit (lower) is plotted with two ranges of
H.E.S.S. scaling factor: |f − 1| ≤ 15% (solid) and a free range
(dashed) where MDM = 7 − 8 TeV. f ∼ 1.3 achieves the best
agreement between datasets with an acceptable it (χ2=95 for 87
data points with 8 free parameters).
trum with a down-turn at TeV could reduce the requirement
on DM contribution. However, such astrophysical hypothe-
ses (Fang et al. 2018) will also need consolidation in future
studies. In this work, we restrict to the simple power-law
case for the DM hypothesis as it assumes the fewest degrees
of freedom for the non-DM spectral components.
Thus our fitting parameter set is composed of the fol-
lowing:
{D0, ρ0, δ;φ0, δe; fHESS, τ(Γi)}, (8)
where the first five parameters model the particle diffusion
and the Galactic e± background. fHESS represents the spec-
tral shift in H.E.S.S. data due to energy scaling uncertainty,
and τ is the DM decay lifetime that determines the magni-
tude of signal rate. Note τ may contain multiple (free) par-
tial widths Γi in case of mixed channels. Depending on the
shape of the DM signal spectrum, the best-fit diffusion and
background parameters may vary between different decay
channels: for example, the Galactic electron spectral power
index δe = −2.56 in a fit with 8 TeV 4µ channel can shift
to δe = −2.62 in a fit with the 8 TeV mixed 4µ, 4b channel,
indicating that a softer background spectrum fits better for
the latter. Therefore we do not assume preferred parameter
values, and these parameters are determined each time by
fitting to the e± data sets.
Following Barger et al. (2009), we first obtain the prop-
agated Galactic and signal e± spectra on a grid on the five
propagation and injection parameters. Then we interpolate
the total e± and position fraction spectra to fit the com-
bined e± data. The best-fit spectra are shown later in Fig. 3
and 4, and the goodness of fits are listed in Table 1.
First we consider the combination of DAMPE, Fermi-
LAT and H.E.S.S. electron data. The TeV-range spectral
shapes in these three data sets are in good agreement with
each other. The number of data points is 71 and there are 7
free parameters in the fit: five from diffusion and background
parametrization, one for H.E.S.S. energy scaling, plus one
for the signal strength. As shown in Fig. 3 and Table 1, the
benchmark DM→ 4µ cascade decay gives a 2.3σ fit with 6
TeV mass, in case H.E.S.S. energy upscale by ∆f =30% to
perfectly align with DAMPE, Fermi-LAT data points. The
best-fit DM decay lifetime 2.0 × 1026s is allowed gamma
ray searches. This scaling factor, however, is larger than the
15% energy scale uncertainty in the H.E.S.S. experiment.
Restricting ∆f ≤ 15% leads to a much worse 4.3σ fit, which
indicated a minor normalization gap between the datasets.
The non-scaled case f = 1 is exclude by more than 8σ.
The best 4µ fit at 2.3σ consistency level indicate mi-
nor tension between the datasets in addition to the H.E.S.S.
scaling factor. Note difference exists between DAMPE and
Fermi-LAT data above 1 TeV, where the Fermi-LAT’s elec-
tron spectrum does not fall as quickly as those in DAMPE
and H.E.S.S. data. If only the DAMPE and H.E.S.S data are
considered, which fully agree with each other’s spectral fea-
tures, a 1.2σ fit can be achieved. Similar to the 4µ channel,
the three-step 8µ and a mixed 4µ, 4b channels have softer
e± injection spectra and also obtain good fits. The 4b com-
ponent represents mixture into four-quark decay channels.
We then add the AMS02 positron fraction data to the
joint fit and the total number of data points increases to 86.
While we do not include the AMS02 total electron spectrum
in order to avoid major conflict between data sets, AMS02
still has the best precision measurement of the positron spec-
trum, which is expected to originate from non-background
contributions. In this case, the joint analysis does not pro-
duce a good fit with the muonic channels. The AMS02 data
would prefer a much lower injection energy, namely the DM
mass lower than that by the TeV spectrum in DAMPE and
H.E.S.S. With the 6 TeV DM mass, the 4µ’s positron spec-
trum does not agree with the AMS02’s positron data, and
causes a significant rise in the total χ2.
For comparison, the three-step 8µ channel has a softer
low-energy e± spectrum that helps to fit AMS02 data, yet
its shape is not sufficiently softened to perfectly fit AMS02.
A rather poor 5σ fit is obtained for an 8 TeV DM with a
lifetime τDM =1.6×1026s. It is clear from the spectral shape
that the AMS02 data require a further softened positron
spectrum in the O(10−3 − 10−2) range of the maximal in-
jection energy.
A mixture into hadronic channel(s) can provide such
a spectral feature. Fig. 4 shows a best-fit 7 TeV case of
the mixed 4µ, 4b channel to the combined data sets and
the overall goodness of fit over the DM mass range. Note
for the mixed channel, the relative fraction between 4b, 4µ
components is an additional free parameter. The best fit is
obtained at χ2 = 95 out of 79 degrees of freedom, which in-
dicates for 95% confidence level consistency in a small mass
range near 7-8 TeV if f is allowed to upscale by 30%, and
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Data 3 sets, ∆f < 15% 4 sets, ∆f < 15% 3 sets 4 sets
DM(6 TeV)→ 4µ 1.9 (4.3σ) 3.4 (>8σ) 1.4 (2.3σ) 2.9 (>8σ)
DM(10 TeV)→ 8µ 1.6 (3.2σ) 2.5 (7.0σ) 1.1 (1.1σ) 2.0 (5.0σ)
DM(7 TeV)→ 4µ, 4b 1.7 (3.4σ) 1.7 (3.8σ) 1.1 (1.3σ) 1.2 (1.6σ)
Table 1. Reduced χ2/d.o.f. at joint three-dataset (DAMPE+FermiHE+H.E.S.S.) and four-dataset (with AMS02 positron
fraction) best fits. The optimal DM mass is shown for each channel. The numbers inside parentheses show the goodness of
fit, and we list both the results with restricted H.E.S.S. energy scaling range ∆f < 15% and those with a free f range. The
number of degrees of freedom is 65(80) with 3(4) data sets for the 4µ and 8µ channels. The mixed 4µ, 4b channel has one less
degree of freedom due to varying the 4µ, 4b branching ratio.
the decay width is 0.5-0.8×1026 s. When the energy scaling
is restricted ∆f ≤ 15% the optimal fit is still excluded by
more than 3σ.
Here we should emphasize that while the hadronic com-
ponent helps fitting the e± data, its high fraction (60-80%
at the best-fits) is gamma-ray excluded due to their pi0 pro-
duction. The DM lifetime constraint for a pure 4b cascade
decay is to be longer than 1027s by isotropic diffuse gamma
ray searches. This bound excludes the 4b branching fraction
from exceeding a 1%− 2% level at the best-fit DM lifetime.
Within such a limited branching fraction, 4b can not qualita-
tively soften spectral shape to fit AMS02 data. Nevertheless,
these results indicate AMS02’s preference for a softer injec-
tion spectrum (than DM→ 4µ, 8µ) in the DM cascade decay
scenario.
6 CONCLUSION
With the assumption of a power-law like Galactic electron
background, the cascade decay of multi-TeV DM into four
leptons can accommodate the TeV-scale shape of cosmic
ray electrons as measured by DAMPE, H.E.S.S. and Fermi-
LAT. In the low mediator mass limit, the DM cascade de-
cay scenario has reduced associated gamma ray radiation
and a softened injection e± spectrum. We considered a 6
TeV DM→ 4µ channel as a benchmark scenario because
this channel is the least constrained by diffuse gamma ray
and CMB measurements. A best-fitting at 2.3σ confidence
level is achieved for the joint DAMPE, H.E.S.S. and Fermi-
LAT data, and a three-step 8µ cascade improves the fit to
1.1σ. Such fits require H.E.S.S. data to up-float beyond its
typical 15% uncertainty range. Restricted energy-scaling fits
with 4µ, 8µ cascades do not yield fits within 3σ. After includ-
ing the AMS02 positron fraction data, the muonic channels
are disfavored. A gamma-ray constrained 4µ, 4b mixed chan-
nel is then considered and it is possible to fit all four data
sets at the cost of 30% upscaling in H.E.S.S. energy scale.
This demonstrates that in the fit to the latest TeV cosmic
electron data sets, AMS02 strongly prefers a very softened
injection spectrum in the assumption of a power-law like
Galactic background. Further study for viable cascade de-
cay processes will help us to understand the decaying dark
matter explanation for the TeV structure in the cosmic ray
electron spectrum from DAMPE and H.E.S.S. observations.
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